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Edited by Miguel De la RosaAbstract The gene encoding Desulfovibrio gigas ﬂavoredoxin
was deleted to elucidate its physiological role in the sulfate
metabolism. Disruption of ﬂr gene strongly inhibited the reduc-
tion of thiosulfate and exhibited a reduced growth in the presence
of sulﬁte with lactate as electron donor. The growth with sulfate
was not however aﬀected by the lack of this protein. Addition-
ally, ﬂr mutant cells revealed a decrease of about 50% in the
H2 consumption rate using thiosulfate as electron acceptor. Alto-
gether, our results show in vivo that during sulﬁte respiration, tri-
thionate and thiosulfate are produced and that ﬂavoredoxin is
speciﬁc for thiosulfate reduction.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Desulfovibrio (D) are sulfate-reducing bacteria, strictly anaer-
obic organisms broadly distributed in nature. Desulfovibrio are
able to reduce sulfur compounds, such as sulfate, sulﬁte or thio-
sulfate as terminal electron acceptors. Although several studies
have been performed with the aim of characterizing the dissim-
ilatory sulfate reduction pathway, it remains poorly understood.
The sulfate reduction involves threemain steps: (i) sulfate activa-
tion to APS; (ii) APS reduction to sulﬁte and (iii) sulﬁte reduc-
tion to sulﬁde [1]. The last step is still a matter of controversy
with two mechanisms proposed. The ﬁrst one, described by
Chambers and Trudinger [2] involves the reduction of sulﬁte
to sulﬁde occurring in a single step through the transfer of six-
electrons. The second one proposes the formation of trithionate
ðS3O26 Þ and thiosulfate ðS2O23 Þ as intermediates in the sulﬁte
reduction [3] (see Fig. 1). This hypothesis was further substanti-
ated by several studies [4–8] and requires three diﬀerent enzymes:
sulﬁte, trithionate and thiosulfate reductases [5].
D. gigas ﬂavoredoxin (Flr) is a 40-kDa homodimer, contain-
ing one FMN molecule per monomer and was proposed to be
the redox partner of desulfoviridin in the sulﬁte reduction fromAbbreviations: Flr, ﬂavoredoxin; D, Desulfovibrio
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doi:10.1016/j.febslet.2005.07.044molecular hydrogen [9]. Flr appears to belong to the ﬂavin
reductase family considering the signiﬁcant homologies with
FMN:NADH/FAD:NADH oxidoreductases [10]. These en-
zymes are able to reduce free ﬂavins by reduced pyrimidine
nucleotides, supplying free reduced ﬂavins to the cellular
metabolism [11]. Like in D. vulgaris and D. desulfuricans, D.
gigas Flr is encoded by a monocystronic unit and the analysis
of the genetic organization around ﬂr gene does not give any
additional information on the metabolic pathway in which
Flr might be involved [12].
With the aim of elucidating the functional role of Flr in the
metabolism of D. gigas, the ﬂrmutant was generated, being the
ﬁrst mutant of this anaerobic bacterium. The phenotypic char-
acterization of this mutant revealed that thiosulfate is an inter-
mediate of sulﬁte-reduction and that its reduction is dependent
on the presence of Flr.2. Materials and methods
2.1. Bacterial strains and growth conditions
Escherichia coli XL1Blue (Stratagene) and TG2 [13] were used to
clone the constructions made in the vectors pZer0-1 (Invitrogen)
and pJRD215 [14], respectively. D. gigas ATCC 19364 was grown
anaerobically at 37 C as previously described [15].
D. gigas wild-type and ﬂr mutant were also grown at 37 C, in basal
medium [16] supplemented with one electron acceptor: 40 mM sulfate;
20 mM sulﬁte; 40 mM thiosulfate and one electron donor: 40 mM lac-
tate; 40 mM pyruvate, inoculated with 10% (vol/vol) of early station-
ary phase cultures grown in the same speciﬁc medium. Growth was
followed measuring OD600nm in a Smart Spect 3000 (BioRad), using
1 cm pathlength cells. The experiments were reproduced at least twice.
2.2. Plasmid construction
A 4378-bp ApaI–BamHI DNA fragment from the D. gigas genome
containing the ﬂr gene was inserted in the cloning vector pZer0-1.
The oligonucleotides ﬂrXbaI-1/ﬂrXbaI-2 and KnRXbaI-1/KnRXbaI-2
(Table 1) were used to amplify this DNA fragment [94 C, 2 min; 25
cycles (94 C, 30 s; 66 C, 30 s; 68 C, 12 min); 68 C, 7 min] and the
KnR gene from the plasmid pJRD215 [14] [94 C, 2 min; 25 cycles
(94 C, 30 s; 66 C, 30 s; 68 C, 12 min); 68 C, 7 min], respectively.
The PCR products were ligated with T4 DNA Ligase (Fermentas)
and this construction was transformed in E. coli XL-1Blue. Kanamy-
cin-resistant colonies were selected and their plasmids analyzed. This
construct was used in the electrotransformation experiments.2.3. Transformation of D. gigas
A pMB1-based suicide vector for D. gigas carrying the mutagenic
construction (Fig. 2A) was used to obtain the ﬂr mutant by homolo-
gous recombination. Competent cells were prepared based on theblished by Elsevier B.V. All rights reserved.
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Fig. 1. Proposed mechanisms for sulﬁte reduction. Single step six-electron reduction of sulﬁte (a) and trithionate/thiosulfate pathway (b). SO3Red,
sulﬁte reductase; S3O6Red, trithionate reductase and S2O3Red, thiosulfate reductase.
Table 1
Oligonucleotides (MWG, Ebersberg, Germany) used to obtain and







Fx88U2 5 0-GGCATGTGCAGCTTGCCGGCG-3 0
FlrP10 5 0-GACGCCGCATCCTGATCCAA-30
Restriction sites of the endonucleases are underlined.
4804 M. Broco et al. / FEBS Letters 579 (2005) 4803–4807method previously described [17] from 340 ml of an early stationary
phase culture. 50 ll of the cell suspension was mixed with 5.4 lg of
the suicide plasmid. Electroporation was performed with an eletro-
porator Jouan GHT 1287B (5500 V/cm during 6 ms). The colonies of
ﬂr mutants were isolated in SOS medium [17] without fructose, supple-
mented with 12% (wt/vol) agar and 50 lg kanamycin/ml, using the roll
tube technique. The colonies were picked up after two weeks of growth
and introduced into 2 ml septum-stoppered tubes containing 1 ml of
SOS medium. These tubes were incubated at 37 C in hyperbaric
anaerobic jars (CNRS, Marseille, France) under a N2/CO2 atmosphere
(80/20) (2–3 bar pressure) during 10 days. The cultures were then sub-
cultured in 10 ml Hungate tubes. Plating manipulations were
performed in a BS531 anaerobic chamber (Jacomex, Dagneux,
France).Fig. 2. Characterization of ﬂr mutant. (A) Restriction maps of the ApaI–Ba
strains. A scale of 1 kb is indicated; (B) Southern blot analysis of SphI digested
resistant strains (lanes 1 to 7). Chromosomal DNA was hybridized with prob
analysis of wild-type and mutant strains total RNAs hybridized with probe2.4. Southern and Northern blots
The genotypes of kanamycin-resistant mutants were analyzed by
Southern blot. Genomic DNA was puriﬁed with ‘‘Wizard genomic
DNA puriﬁcation Kit’’ (Promega) and digested with SphI (Strata-
gene). Membranes were hybridized with the probes described in
Fig. 2A labeled with [a-32P]dATP as previously described [13]. The
probes 1, 2 and 3 were obtained by PCR, using the oligonucleotides
Fx8R4/Fx88U2, KnRXbaI-1/KnRXbaI-2 and FlrP10/ﬂrXbaI-1, respec-
tively (Table 1).
Total RNAs were puriﬁed from early exponential (OD600nm  0.3)
phase D. gigas cultures, using the RNA isolation procedure as de-
scribed by Rodrigues et al. [18]. The RNAs were further fractionated
in 1.2% (wt/vol) agarose gel in MOPS buﬀer containing 6% (vol/vol)
formaldehyde and transferred onto a positively charged nylon mem-
brane (Amersham Biosciences). The membranes were hybridized with
probe 1 (Fig. 2A) and 16S rRNA probes labeled with [a-32P]dATP as
previously described [19]. The probe 16S rRNA was obtained by PCR
using the oligonucleotides 16SP1 (5 0-CCGGGATAACGGTGG-
GAAACC-3 0) and 16SP2 (5 0-GTGCAGTTCCCCGGTTGAGCC-3 0)
to amplify a region from the 16S ribosomal DNA in the D. gigas gen-
ome. mRNA levels were quantiﬁed (ImageQuant, Molecular Dynam-
ics) and normalized against those of the internal loading control, the
16S rRNA.
2.5. H2 consumption rate with thiosulfate as electron acceptor
D. gigas wild-type and ﬂr mutant were grown in 1.8 l SOS medium
[17] without fructose. Cells were collected in early exponential phase
(OD600nm  0.3), washed and resuspended with 2 ml of a degassed buf-
fer (50 mM MOPS buﬀers, pH 7.2, 5 mM MgCl2, 5 mM DTT). All
manipulations were performed under N2 ﬂux.mHI homologous recombination region for the wild-type and mutant
chromosomal DNA from D. gigas wild-type (wt lane) and kanamycin-
e 1 (ﬂr) (1); probe 2 (KnR) (2) and probe 3 (ﬂank) (3). (C) Northern blot
1 (ﬂr) and 16S probe as a positive control.
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determined by the Warburg manometric technique under a H2 atmo-
sphere, based on the method described by Akagi et al. [20]. After H2
atmosphere was established, 300 ll of washed cells were introduced
into the main compartment through the side arm. This mixture was
equilibrated with H2 ﬂux during 5 min. To start the reaction, 10 lmol
sodium thiosulfate were introduced into the main compartment and
the H2 consumption was measured. To stop the reaction, 100 ll of
an 85% (vol/vol) H3PO4 solution was added to the reaction mixture
and the ﬂask was shaken for an additional 10 min.
2.6. Analytical methods
The protein concentration from the cell suspensions was determined
with Bradford assay (BioRad) using bovine serum albumin as the stan-
dard. Prior to Bradford assay, cells were broken with 5 cycles of 40 s of
sonication.
Trithionate, thiosulfate and sulﬁde from the cultures supernatants
were analyzed by HPLC using a column ASAHIPAK NH2P-50 (Sho-
dex) [21] under the following conditions: eﬄuent 100 mM Na2HPO4,
pH 8.5; eﬄuent ﬂow rate, 0.6 ml min1; sample volume, 20 ll. These sul-
fur compounds were spectrophotometrically detected at 215 nm
(Varian). These measures were carried out immediately after sampling
to prevent sulfur compounds from decomposing in the presence of
oxygen.3. Results
3.1. Generation of ﬂr mutant
DNA from seven isolated kanamycin-resistant colonies was
analyzed by Southern blot for replacement of the ﬂr gene by
the KnR cassette. Hybridization with probe 1 (ﬂr gene) resulted
in a positive band only in the lane corresponding to the wild-
type strain genomic DNA (Fig. 2B.1), indicating that the geno-
mic DNA from the kanamycin-resistant strains was deleted for
ﬂr gene. Hybridization with probe 2 (KnR gene) resulted in two
positive bands, 1731 and 606 bp, in lanes 1 to 7, indicating that
the kanamycin cassette was integrated in the genomic DNA of
the aforementioned kanamycin-resistant colonies. As expected,
no hybridization occurred with this probe in the wild-type lane
(Fig. 2B.2). Hybridization with probe 3 (ﬂanking region)
resulted in one positive band in all lanes, a 1928 bp band in
the wild-type lane and a 1731 bp in lanes from 1 to 7, which
is consistent with the expected size of the fragments in the de-
leted strain (Fig. 2B.3). The genomic organization analysis of
the mutants conﬁrmed the planned deletion strategy
(Fig. 2A). None of the tested recombinants exhibited a single0.01
0.1
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Fig. 3. Growth curves under diﬀerent growth conditions. Growth curves o
electron acceptors [40 mM thiosulfate (A), 20 mM sulﬁte (B) and 40 mM su
pyruvate (d)]. These cultures were inoculated with 10% of early stationary ph
The values correspond to the average of duplicate cultures.cross over, indicating that D. gigas has a high recombination
eﬃciency, as previously reported in D. fructosovorans [22].
Total RNAs of D. gigas wild-type and mutant strains were
analyzed by Northern blot. Hybridization with probe 1 (ﬂr) re-
vealed that the mRNA was detected only in the wild-type
strain (Fig. 2C), which conﬁrmed that in the mutant strain
the ﬂr gene was indeed disrupted.
3.2. Characterization of the ﬂr mutant
The ability of the D. gigas wild-type and ﬂr deleted strains to
metabolize diﬀerent substrates revealed that the mutant was
not able to use thiosulfate as the ﬁnal electron acceptor
(Fig. 3A). Comparison of the growth curves revealed a dra-
matic decrease in the growth of the mutant strain when thio-
sulfate was the terminal electron acceptor using lactate or
pyruvate as electron donors (Fig. 3A), corresponding to 86%
and 70% decrease of the growth rates, respectively. Growth
was also followed using sulfate or sulﬁte as the electron accep-
tor (Fig. 3B and C). No signiﬁcant growth diﬀerences were de-
tected between the wild-type and mutant strains, except for the
35% decrease of the mutant growth rate in sulﬁte–lactate. The
eﬃcient reduction of sulﬁte when pyruvate is the electron
donor might be explained by the very low electron potential
of the pyruvate-/acetate-couple ðE0pyruvate-=acetate- ¼
670 mVÞ that can reduce thiosulfate by diverted pathway.
In order to verify whether thiosulfate accumulated during
growth, the sulfur-compounds that appeared in the medium
were analyzed using a new HPLC technique. No intermediates
were detected, in both wild-type and mutant strains, when sul-
fate was used. Indeed, sulfate concentration decreased and sul-
ﬁde concentration increased at the same rate (data not shown).
In contrast, when sulﬁte was used, trithionate was formed in
the medium, giving rise to thiosulfate, which disappeared
along with sulﬁde formation. In the mutant strain growing
with lactate and sulﬁte, thiosulfate accumulated at a higher ex-
tent in the medium and sulﬁde was formed at a much lower le-
vel when compared with wild-type strain (Fig. 4).
The ﬂr mRNA expression was analyzed under the growth
conditions, lactate/sulfate, pyruvate/sulfate, lactate/sulﬁte,
pyruvate/sulﬁte, lactate/thiosulfate and pyruvate/thiosulfate
(Fig. 5). The level of ﬂr expression is signiﬁcantly increased
when D. gigas is grown with sulﬁte (5.7 and 3.7 times higher
for lactate and pyruvate) and thiosulfate (4.3 and 2.7 times0.01
0.1
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Fig. 4. Sulfur intermediates formation during growth of D. gigas wild-type (A) and mutant (B) in lactate/sulﬁte medium. The sulfur compounds
sulﬁte (}), trithionate (n), thiosulfate (h) and sulﬁde ( ) were analyzed concurrently by HPLC using spectrophotometric detection at 215 nm.
Growth was followed measuring OD600nm (d).
Fig. 5. ﬂr expression levels under diﬀerent growth conditions. (A) Northern blot analysis of ﬂr gene expression under diﬀerent growth conditions
(mentioned in the ﬁgure). The levels of 16S rRNA were used as an internal loading control (lower panels). (B) ﬂr mRNA quantiﬁcation by
densitometry analysis, normalized using the internal control 16rRNA.
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in the presence of sulfate.
Our aforementioned data indicated the involvement of Flr in
the thiosulfate reduction. Therefore, we determined the H2
consumption rates of wild-type and ﬂr mutant strains cell sus-
pensions, as indirect indication of thiosulfate reductase activ-
ity. Wild-type and ﬂr mutant strains revealed a H2
consumption rate of 1.04 ± 0.02 and 0.58 ± 0.07 lmol H2/
min/mg protein, corresponding to a decrease of about 50%.4. Discussion
In order to investigate the role of Flr in the metabolism of D.
gigas, we have constructed the ﬂr disrupted strain and evalu-
ated its ability to grow under diﬀerent conditions. ﬂr deletion
abolishes growth in the presence of thiosulfate (Fig. 3A),
revealing that Flr is involved in the thiosulfate reduction. A
lower H2 consumption rate using thiosulfate as electron
acceptor is also observed with ﬂr mutant when compared with
wild-type cells, which reinforces the involvement of Flr in the
thiosulfate reduction. The 50% H2 consumption rate detected
in the mutant strain (see Section 3) can be justiﬁed by the pres-
ence of other electron carriers that might replace Flr, although
with much less eﬃciency. Previous results obtained by Hatchi-
kian [23] using in vitro assays in the absence of Flr, already
suggested the existence of another natural redox protein in
the coupling of molecular hydrogen oxidation with thiosulfate
reduction. Although the system here described may diﬀer from
the in vitro mechanism, our study points towards Flr being the
missing component of the system that couples hydrogen oxida-
tion with thiosulfate reduction.As the ﬂavoredoxin deletion speciﬁcally impairs thiosulfate
reduction, alterations in the sulfate and sulﬁte reduction were
not expected in the mutant strain (Fig. 3A). However, in the
presence of sulﬁte, a slower growth rate was observed when
lactate was the electron donor. This intriguing observation
revives the old debate on the possible presence of intermediates
during sulﬁte reduction [3–6], as our results indicate that under
these speciﬁc conditions thiosulfate reduction might be in-
volved. In order to investigate whether thiosulfate is an inter-
mediate of sulﬁte reduction, the sulfur compounds formed
during growth in lactate-sulﬁte medium were analyzed
(Fig. 4). Our results clearly show that in both wild-type and
mutant strains, sulﬁte reduction occurs with the transient for-
mation of trithionate and thiosulfate, suggesting that sulﬁte,
trithionate and thiosulfate would be sequentially at play
(Fig. 4A and B, respectively). In the mutant, the process stalled
upon thiosulfate formation due to its inability to further
reduce it into sulﬁde, thus thiosulfate accumulates to a much
higher extent (Fig. 4B). Although, the mutant is aﬀected in
its ability to reduce thiosulfate, growth is still possible in sulﬁte
because enough energy is driven from the ﬁrst two reaction
steps (see Fig. 1). The analysis of the kinetics presented in
Fig. 4 shows that in both wild-type and mutant, trithionate
is produced ﬁrst and accumulates as long as sulﬁte is present.
When sulﬁte disappears, then trithionate is reduced into thio-
sulfate and sulﬁde is formed (Fig. 4A), suggesting that sulﬁte
may inhibit trithionate reduction. Thus, sulﬁte reduction path-
way seems to be blocked at the trithionate stage because of the
inhibition by sulﬁte, which is a product of this reaction (see
Fig. 1a).
Intriguingly, these intermediates were not detected when sul-
fate was the electron acceptor. This was also reported by Fitz
M. Broco et al. / FEBS Letters 579 (2005) 4803–4807 4807and Cypionka [5] and explains why the production of interme-
diates is still controversial. The ﬂr gene expression in the pres-
ence of thiosulfate and sulﬁte is highly induced (Fig. 5),
suggesting that Flr is indeed required for the reduction of thio-
sulfate. In the presence of sulﬁte, the induction observed
reﬂects the formation of thiosulfate, showing a metabolic rela-
tionship between these compounds. With sulfate there is no
thiosulfate accumulation and only a ﬂr basal expression is
observed. When sulfate is the electron acceptor, it can be pos-
tulated that sulﬁte is produced at a very low rate through the
reduction of APS, as APS synthesis requires ATP consump-
tion. Therefore, at this stage two hypotheses might explain
the absence of intermediates: (1) the cellular concentration of
sulﬁte is low enough to avoid the inhibition of trithionate
reduction; (2) the intermediates are not produced. Although
it is still not possible to discriminate between them, we favor
the latter, as it is the only one that is consistent with the normal
growth of the mutant in the presence of sulfate. Overall, our
results suggest that the presence of intermediates depends on
sulﬁte concentration and clearly demonstrate that Flr is crucial
for D. gigas thiosulfate reduction.
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